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•  Performance  of  VG  supported  Pt— Ru  catalyst  toward  MOR  was  first  reported. 

•  Dependence  of  Pt  molar  ratio  in  Pt— Ru/VG  on  electrolyte  composition  was  explored. 

•  Pt-Ru/VG  presented  higher  catalyst  loading  and  smaller  catalyst  size  than  Pt-Ru/CP. 

•  An  optimum  Pt  molar  ratio  was  clarified  for  enhanced  activity  and  stability. 

•  Pt-Ru/VG  showed  improved  electrocatalytic  properties  toward  MOR. 
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This  work  reports  the  electrocatalytic  performance  of  vertically  oriented  graphene  (VG)  supported  Pt-Ru 
bimetallic  catalysts  toward  methanol  oxidation  reaction  (MOR).  Dense  networks  of  VG  are  directly 
synthesized  on  carbon  paper  (CP)  via  a  microwave  plamsa-enhanced  chemical  vapor  deposition  (PECVD) 
method.  A  repeated  pulse  potentials  approach  is  applied  in  a  conventional  three-electrode  electro¬ 
chemical  system  for  the  co-electrodeposition  of  Pt-Ru  bimetallic  nanoparticles.  It  is  found  that,  the 
decoration  of  VG  can  simultaneously  lead  to  a  -3.5  times  higher  catalyst  mass  loading  and  a  -50%  smaller 
nanoparticle  size  than  the  pristine  CP  counterparts.  An  optimum  Pt  molar  ratio  of  83.4%  in  the  deposits, 
achieved  with  a  [H2PtCle]:[RuCl3]  of  1:1  in  the  electrolyte,  is  clarified  with  synthetically  considering  the 
mass  specific  activity,  CO  tolerance,  and  catalytic  stability.  According  to  Tafel  analysis  and  cyclic  vol¬ 
tammetry  (CV)  tests,  the  Pt-Ru/VG  catalyst  with  the  optimized  Pt  molar  ratio  can  realize  a  faster 
methanol  dehydrogenation  than  Pt/VG,  and  present  a  significantly  enhanced  catalytic  activity  (maximum 
current  density  of  339.2  mA  mg-1)  than  those  using  pristine  CP  and  Vulcan  XC-72  as  the  supports. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Direct  methanol  fuel  cells  (DMFCs)  are  commercially  attractive 
due  to  the  significant  advantages  beyond  external  reformation- 
hydrogen  counterparts  in  the  handling,  transportation,  and  stor¬ 
age  of  fuels.  In  DMFCs,  methanol  is  directly  fed  into  the  unit  without 
any  complex  prior-reforming  process,  and  thus  can  largely  simplify 
the  fuel  cell  system  [1,2]. 

Considering  the  slow  kinetics  of  methanol  oxidation  reaction 
(MOR),  the  exploration  and  development  of  effective  anode 
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catalysis  deserve  continuous  scientific  endeavors  to  be  directed 
toward  3  .  The  pioneering  work  on  platinum  (Pt)  based  catalysis  of 
MOR  can  be  dated  back  to  the  1960s  [4  ,  followed  by  the  investi¬ 
gation  on  binary  and  ternary  metallic  catalysts  (Pt  based  alloys) 
since  the  mid-1970s  [5  .  Now  platinum-ruthenium  (Pt-Ru) 
bimetallic  catalyst  has  been  widely  recognized  as  one  of  the  most 
preeminent  candidates  for  operating  MOR  with  a  high  efficiency 
[2,5,6].  Research  on  the  kinetics  of  MOR  over  Pt  and  Pt-Ru  catalysts 
reveals  that  an  adequate  addition  of  Ru  could  lead  to  an  enhanced 
catalyst  activity,  mainly  attributed  to  both  the  bi-functional 
mechanism  and  the  ligand  effect  [3,7,8].  Typically,  active  OHads 
species  can  be  produced  at  a  relatively  low  potential  with  the 
presence  of  Ru,  benefiting  the  reactions  with  the  adsorbed  in¬ 
termediates  on  neighboring  Pt  sites  [9,10  . 

On  the  other  hand,  employing  high-performance  catalyst  support 
is  considered  as  a  promising  strategy  for  enhanced  dispersion  and 
utilization  of  nanosized  catalysts.  As  reviewed  by  Zhao  et  al.  [9], 
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Cuenya  11  ,  Liu  et  al.  [12  ,  and  Sharma  et  al.  [13  ,  various  nano- 
structured  carbonaceous  or  inorganic  oxide/carbide  supports  have 
been  proposed  aiming  at  an  improved  catalyst  performance  in  MOR. 
Among  which,  oriented  carbonaceous  nanostructures  built  from  sp2 
hybridized  carbon  atoms  have  emerged  as  promising  alternatives. 
Typically,  vertically  aligned  carbon  nanotubes  (VCNTs)  and  vertically 
aligned  carbon  nanofibers  (VCNFs)  were  demonstrated  as  promising 
supports  for  a  better  dispersion  of  Pt  nanoparticles  than  that  of  Pt/ 
graphite,  thus  exhibiting  higher  electrocatalytic  activity  [14,15].  The 
development  of  plasma-enhanced  chemical  vapor  deposition 
(PECVD)  technique  allows  the  expansion  of  above  advantages  from 
one-dimensional  (ID)  CNTs  and  CNFs  to  two-dimensional  (2D)  gra¬ 
phene.  Our  recent  review  summarized  the  growth  of  vertically  ori¬ 
ented  graphene  (VG)  with  various  plasma  sources  and  different 
operating  parameters  16].  Compared  with  Pt/VCNF  and  conventional 
Pt/C  electrodes,  Pt/VG  presented  a  superior  electrocatalytic  activity 
due  to  VG's  unique  orientation,  exposed  sharp  edges,  non-stacking 
morphology,  and  huge  surface-to-volume  ratio  [17,18  .  Different 
with  the  graphene  nanosheets  produced  by  traditional  chemical 
methods  which  are  easily  restacked  due  to  the  strong  van  der  Waals 
interactions,  networks  of  VG  directly  synthesized  on  the  substrate  via 
PECVD  method  present  a  non-stacking  morphology  and  exposed 
graphene  surface,  benefiting  the  utilization  of  graphene's  high  spe¬ 
cific  surface  area  for  catalyst  loading.  Meanwhile,  the  exposed  edge 
planes  of  VG  will  help  the  nucleation,  dispersion,  and  immobilization 
of  Pt  nanoparticles  [19,20  .  Finally,  the  unified  vertical  orientation  of 
VG  favors  the  electron  transport  due  to  the  significantly  (~105  times) 
higher  in-plane  than  out-of-plane  electrical  conductivity  of  graphene 
[  17,21  .  However,  to  the  best  of  our  knowledge,  the  performance  of  VG 
supported  Pt-Ru  catalyst  for  MOR  has  yet  been  reported  in  detail. 

In  this  paper,  co-electrodeposition  of  Pt-Ru  bimetallic  catalyst  on 
VG-coated  carbon  paper  (CP)  was  conducted  with  a  repeated  pulse 
potentials  approach.  The  catalyst  loading  mass,  nanoparticle  size, 
and  nanoparticle  dispersion  on  VG-coated  CP  were  characterized 
and  compared  with  those  on  pristine  CP.  With  using  VG-coated  CP  as 
the  support,  the  influence  of  electrolyte  composition  (i.e.,  H2PtCl6 
and  RUCI3  concentrations)  on  Pt  and  Ru  molar  ratios  of  the  deposits 
was  clarified.  The  corresponding  catalytic  activities,  CO  tolerance, 
and  stabilities  of  the  VG  supported  Pt-Ru  catalysts  with  various  Pt 
molar  ratio  were  investigated  in  detail  to  explore  an  optimum 
electrolyte  composition.  Tafel  analysis  was  carried  out  to  compare 
the  MOR  kinetics  of  VG  supported  Pt  and  Pt-Ru  catalysts,  and  finally, 
the  electrocatalytic  performance  of  VG  supported  Pt-Ru  was 
compared  with  those  using  CP  and  Vulcan  XC-72  as  the  supports. 

2.  Experimental 

2.1.  Synthesis  ofVG  on  CP 

VG  networks  were  grown  directly  on  a  CP  (9  mm  x  8  mm,  To  ray 
Inc)  via  a  home-made  microwave-PECVD  device.  Microwave  was 
confined  by  a  waveguide  with  a  transverse  electric  (TE)  mode,  i.e.,  all 
the  electric  fields  were  transverse  to  the  direction  of  propagation 
while  no  longitudinal  electric  field  was  present.  CP  was  placed  on  a 
rounded  stainless  steel  holder.  Prior  to  the  growth  process,  CP  sub¬ 
strate  was  pretreated  by  50  standard  cubic  centimeters  per  minute 
(seem)  H2  gas  for  5  min  under  a  350  W  microwave.  10  seem  CH4  was 
added  into  the  system  as  a  carbon  source,  and  a  50  V  bias  was  applied 
to  the  CP  substrate  for  VG  growth.  After  2  min  growth,  the  sample 
was  cooled  down  to  room  temperature  under  the  protection  of  H2. 

2.2.  Co-electrodeposition  of  Pt-Ru 

The  electrolyte  used  for  the  co-electrodeposition  of  Pt-Ru 
nanoparticles  was  prepared  by  mixing  solutions  consisting  of 


H2PtCl6-6H20  (Sinopharm  Chemical  Reagent  CO.,  Ltd),  RUCI3  XH2O 
(Sinopharm  Chemical  Reagent  CO.,  Ltd),  and  H2SO4  (98%,  Sino¬ 
pharm  Chemical  Reagent  CO.,  Ltd)  in  a  50  mL  deionized  water  at 
room  temperature.  The  concentration  of  H2SO4  in  the  electrolyte 
was  fixed  as  0.5  M.  The  concentration  of  H2PtCl6  ([H2PtCle])  varied 
from  1  to  9  mM  and  the  corresponding  concentration  of  RUCI3 
([RUCI3])  was  accordingly  adjusted  from  9  to  1  mM.  The  co¬ 
electrodeposition  process  was  conducted  at  a  N2  gas  saturated 
condition,  where  N2  was  employed  to  purge  the  dissolved  oxygen 
and  separate  air  from  the  electrolyte  during  the  electrodeposition 
process.  A  repeated  pulse  potentials  approach  was  performed  in  a 
conventional  three-electrode  electrochemical  system  for  the  co¬ 
electrodeposition  of  Pt-Ru.  0.7  cm2  of  catalyst  support  was 
exposed  to  the  solution  as  a  working  electrode.  A  Pt  foil  and  a 
saturated  calomel  electrode  (SCE)  were  used  as  the  counter  elec¬ 
trode  and  reference  electrode,  respectively.  The  two  repeated  po¬ 
tentials,  including  a  potential  of  -0.40  V  vs.  SCE  for  100  ms  and  a 
potential  of +0.60  V  vs.  SCE  for  300  ms,  were  applied  to  the  working 
electrode.  The  negative  potential  was  applied  for  the  co¬ 
electrodeposition,  and  the  positive  potential  was  used  for  metal 
cation  diffusion  in  the  electrolyte  solutions.  300  Consecutive  cycles 
were  applied  to  the  substrates  located  in  working  electrodes.  After 
deposition,  the  specimens  were  thoroughly  rinsed  with  deionized 
water  to  remove  electrolyte  residuals. 

As  for  the  electrodeposition  of  Pt-Ru  nanoparticles  on  Vulcan 
XC-72  (Cabot),  a  pretreated  bare  glassy  carbon  (GC)  disc  with  an 
exposed  geometric  area  of  0.07  cm2  was  used  as  both  the  catalyst 
support  and  the  working  electrode.  Prior  to  the  electrodeposition, 
the  carbon  slurry  achieved  by  mixing  0.5  g  Vulcan  XC-72  carbon 
powder  and  1  mL  Nation  solution  (Sigma-Aldrich,  5  wt.%  1100  EW) 
with  10  mL  deionized  water,  was  put  into  an  ultrasonic  bath  for 
30  min  after  stirring  thoroughly  22  .  6  pL  Carbon  slurry  was  spread 
on  the  surface  of  GC,  followed  by  drying  in  environmental  condi¬ 
tions  for  24  h  before  use.  The  following  electrodeposition  procedure 
was  the  same  as  those  for  pristine  CP  and  VG-coated  CP.  With  using 
pristine  CP,  VG-coated  CP,  and  commercial  carbon  black  Vulcan  XC- 
72  as  the  supports,  the  as-prepared  catalysts  were  denoted  as 
Ru-Pt/CP,  Ru-Pt/VG,  and  Ru-CP/Vulcan,  respectively. 

2.3.  Material  characterization 

The  surface  morphology  of  VG  as  well  as  the  size  and  dispersion 
of  Pt-Ru  nanoparticles  were  determined  by  an  SU-70  scanning 
electronic  microscopy  (SEM,  Hitachi)  and  a  Tecnai  G2  F30  STwin 
transmission  electron  microscopy  (TEM,  Philips-FEI).  To  perform 
high-resolution  TEM  (HRTEM)  characterizations,  samples  were 
wetted  with  ethanol  and  contact-transferred  to  a  230  mesh  holey 
carbon  grid.  The  crystalline  structures  of  Pt-Ru  nanoparticles  were 
investigated  by  X-Ray  diffraction  (XRD)  patterns  using  an  XRD- 
6000  Diffractometer  with  Cu  I< a  source  (A  =  0.15425  nm,  Shi- 
madzu).  The  chemical  states  of  Pt  and  Ru  in  the  catalysts  were 
measured  by  an  X-ray  photoelectron  spectroscopy  (XPS,  VG  Escalab 
Mark  II)  with  a  monochromatic  Mg  Ka  X-ray  source  (1253.6  eV, 
West  Sussex).  The  catalyst  loading  mass  on  the  support  was  ob¬ 
tained  from  Inductively  Coupled  Plasma  Mass  Spectrometry  (ICP- 
MS,  XSENIES,  Thermo  Electron  Corporation)  tests.  The  deposited 
specimens  submitted  for  ICP  analysis  were  dissolved  in  aqua  regia 
at  room  temperature. 

2.4.  Electrochemical  measurement 

The  electrochemical  measurements  of  various  catalysts  were 
performed  using  an  electrochemical  workstation  (Autolab- 
PGSTAT30)  in  a  conventional  three-electrode  system  at  ambient 
temperature  and  N2  atmosphere.  To  investigate  the  catalytic 
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activities  of  various  catalysts  toward  MOR,  cyclic  voltammetry  (CV) 
tests  were  carried  out  in  a  50  mL  electrolyte  of  0.5  M  H2SO4  with  or 
without  1  M  CH3OH  (scan  rate:  50  mV  s_1,  potential  range:  -0.2  to 
1.2  V  vs.  SCE  for  H2S04  and  0-1.0  V  vs.  SCE  for  H2S04  +  CH3OH).  For 
each  case,  the  CV  curve  was  recorded  at  the  fifth  scanning  cycle.  The 
catalyst  activity  was  evaluated  by  plotting  the  unit  mass  activity, 
where  the  current  densities  were  referred  to  the  Pt  depositions 
[23-25].  Chronoamperometry  (CA)  tests  were  performed  to  eval¬ 
uate  the  stabilities  of  various  catalysts,  where  0.5  M  H2S04  +  1  M 
CH3OH  mixture  (50  mL)  was  used  as  the  electrolyte  and  a  potential 
of  +0.6  V  vs.  SCE  was  kept  for  900  s.  Tafel  curves  were  plotted  at 
room  temperature  by  a  linear  polarization  program  in  the  elec¬ 
trolyte  of  0.5  M  H2S04  +  1  M  CH3OH  at  a  scan  rate  of  50  mV  s'1. 
Before  each  measurement,  the  electrolyte  was  purged  by  bubbling 
with  purified  N2  for  30  min. 

3.  Results  and  discussion 

3.2.  Catalyst  loading  on  pristine  CP  and  VG-coated  CP 

Fig.  la  shows  the  loading  mass  of  Pt  and  Ru  on  pristine  CP  with 
various  electrolyte  compositions.  According  to  the  ICP-MS  tests,  the 
Pt  loading  on  pristine  CP  increased  with  an  increasing  [H2PtCle] 
(from  1  to  9  mM),  while  the  Ru  loading  reached  a  maximum  at  a 
[H2PtCl6]:[RuCl3]  of  1:1.  The  above  results  indicate  that  the  reduc¬ 
tion  of  Pt  plays  a  more  important  role  on  the  co-electrodeposition  of 
Pt-Ru  [26].  The  total  loading  mass  of  Pt-Ru  increased  with  the 
increase  of  [H2PtCle],  and  the  maximum  value  (0.096  pmol)  was 
obtained  at  a  [H2PtCl6]:[RuCl3]  of  9:1.  Similar  observation,  as  shown 
in  Fig.  lb,  was  also  obtained  using  VG-coated  CP  as  the  support.  For 
the  same  electrolyte  composition,  both  the  loading  masses  of  Pt  and 
Ru  on  VG-coated  CP  were  significantly  higher  than  those  on  pristine 
CP.  Typically,  the  maximum  Pt-Ru  loading  on  VG-coated  CP  could 
reach  0.324  pmol,  almost  3.5  times  higher  than  that  on  pristine  CP. 

Fig.  2a-f  presents  the  SEM  images  of  Pt-Ru/CP  and  Pt-Ru/VG 
obtained  from  three  typical  electrolyte  compositions,  i.e., 
[H2PtCl6]:[RuCl3]  =  3:7,  [H2PtCl6]:[RuCl3]  =  1:1,  and 

[H2PtCl6]:[RuCl3]  =  7:3,  respectively.  VG  nanosheets  were  uniformly 
synthesized  on  CP,  providing  dense  open  graphitic  edge  planes  as 
additional  sites  (not  only  the  edges  but  also  the  side  faces)  for  the 
nucleation  and  growth  of  nanosized  catalysts.  As  a  consequence, 
higher  catalyst  loading  was  obtained  using  VG-coated  CP  as  the 
support.  Meanwhile,  the  presence  of  VG  could  prevent  the  surface 
migration  and  aggregation  of  nanoparticles  18],  resulting  to  much 
smaller  average  size  of  Pt-Ru  catalysts  on  VG-coated  CP  than  the 
pristine  CP  counterpart  (for  the  same  electrolyte  composition).  As 
estimated  from  the  SEM  images  shown  in  Fig.  2,  the  average  sizes  of 


Pt-Ru/VG  were  around  50%  smaller  than  those  of  Pt-Ru/CP.  Typical 
HRTEM  image  of  Pt-Ru/VG,  which  was  obtained  with  a  electrolyte 
composition  of  [H2PtCle]:[RuCl3]  =  1:1,  was  also  provided  in  Fig.  2g. 

3.2.  Catalyst  activity  of  Pt-Ru/VG  toward  MOR 

Fig.  3a  shows  the  molar  ratios  of  Pt  and  Ru  deposited  on  VG- 
coated  CP  with  various  electrolyte  compositions.  Upon  increasing 
[H2PtCl6]  from  1  to  9  mM,  the  Pt  molar  ratio  increased  from  37%  to 
96%  and  the  Ru  molar  ratio  decreased  from  63%  to  4%  accordingly.  It 
thus  provided  a  facile  alternative  for  the  controllable  deposition  of 
Pt-Ru  catalysts  with  different  Pt  and  Ru  ratios.  The  Pt  molar  ratio 
was  found  to  be  higher  than  that  in  the  original  electrolyte,  in 
accordance  with  the  previously  reported  founding  [26].  Fig.  3b 
shows  the  corresponding  XRD  patterns  of  various  Pt-Ru/VG  cata¬ 
lysts  obtained  from  different  electrolyte  compositions.  The  XRD 
patterns  shown  the  diffraction  peaks  of  Pt  (111),  Pt  (200),  Pt  (220), 
and  Pt  (311),  matching  to  the  face  centered  cubic  (fee)  structure 
[27].  With  the  decrease  of  [H2PtCle],  a  slight  shift  of  the  diffraction 
peaks  of  Pt  (111)  to  higher  2-theta  and  a  decrease  of  peak  intensity 
were  observed  in  the  patterns,  probably  due  to  the  increasing  Ru 
ratio  in  the  deposits  28].  The  peaks  corresponding  to  the  typical 
hexagonal  closed  packed  (hep)  structure  of  Ru  metal  or  ruthenium 
oxides/hydroxides  were  not  observed,  suggesting  the  possibility 
that  Ru  existed  as  alloys  with  Pt  atoms  or  amorphous  ruthenium 
hydroxides  [26,28  .  The  Ru  atomic  fraction  in  the  Pt-Ru  alloy  was 
calculated  according  to  Vegard's  law  29].  Results  show  that  the  Ru 
atomic  fraction  for  all  the  samples  ranged  from  4.0%  to  13.6% 
(typically,  12.1%  for  [H2PtCl6]  =  5  mM). 

XPS  measurement  was  conducted  to  characterize  the  oxidation 
states  of  Pt  and  Ru.  Typical  Pt  4f  and  Ru  3p  XPS  spectra  of  the 
representative  sample,  i.e.,  Pt-Ru/VG  with  the  electrolyte  of 
[H2PtCl6]:[RuCl3]  =  1:1,  are  shown  in  Fig.  3c  and  d.  In  Fig.  3c,  the 
peaks  at  74.8  and  71.6  eV  are  assigned  to  Pt  4fy/2  and  Pt  4fs/2, 
respectively.  To  determine  the  different  oxidation  states  of  Pt,  the 
overall  doublet  was  deconvoluted  into  three  pairs  of  peaks.  The 
binding  energy  values  of  71.5  and  74.7  eV,  72.2  and  75.3  eV,  as  well 
as  74.2  and  77.5  eV  correspond  to  three  different  oxidation  states  of 
Pt,  i.e.,  metallic  Pt(0),  Pt(II)  mainly  in  PtO  or  Pt(OH)2  species,  and 
Pt(IV)  generally  in  Pt02  [30].  The  relative  atomic  concentrations 
calculated  by  the  integral  area  referred  to  Pt(0),  Pt(II),  and  Pt(IV) 
were  71%,  11%,  and  18%,  respectively.  Obviously,  metallic  Pt(0)  is  the 
predominant  species.  As  for  Ru  (see  Fig.  3d),  the  Ru  3d  peaks 
overlapped  with  the  C  Is  peak,  and  thus  the  Ru  3p3/2  spectrum  (at 
-463  eV)  was  chosen  for  investigation.  The  Ru  3p3/2  peak  was 
further  separated  into  three  peaks  at  462.1,  463.8,  and  466.2  eV, 
corresponding  to  Ru(0),  Ru(IV)  in  Ru02,  and  RuOxHy  [30], 
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Fig.  1.  Pt  and  Ru  loadings  on  (a)  pristine  CP  and  (b)  VG-coated  CP  with  a  varying  electrolyte  composition. 
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Fig.  2.  SEM  images  of  Pt-Ru/CP  and  Pt-Ru/VG  obtained  from  three  typical  electrolyte  compositions,  (a)  and  (b)  [H2PtCl6]:[RuCl3]  =  3:7,  average  catalyst  diameter:  103.5  ±  3.1  nm 
and  46.3  ±  1.5  nm;  (c)  and  (d)  [H2PtCl6]:[RuCl3]  =  1:1,  average  catalyst  diameter:  111.1  ±  2.8  nm  and  51.2  ±  1.8  nm;  (e)  and  (f)  [H2PtCl6]:[RuCl3]  =  7:3,  average  catalyst  diameter: 
98.3  ±  1.9  nm  and  45.9  ±  1.1  nm.  Insets:  SEM  images  with  a  smaller  magnification,  (g)  HRTEM  image  of  Pt-Ru/VG  obtained  from  the  electrolyte  composition  of 
[H2PtCl6]:[RuCl3]  =  1:1. 


respectively.  The  percentages  of  Ru(0),  R11O2,  and  RuOxHy  were 
calculated  as  76%,  20%,  and  4%,  respectively,  indicating  that  most  of 
Ru  is  metallic  and  alloyed  with  Pt. 

Fig.  4a  shows  the  CV  curves  of  Pt-Ru/VG  catalysts  in  a  N2  satu¬ 
rated  solution  of  0.5  M  H2SO4  +  1  M  CH3OH  at  a  scan  rate  of 
50  mV  s_1.  The  as-tested  Pt-Ru/VG  catalysts  were  obtained  from  the 
electrodeposition  with  different  electrolyte  compositions,  and  thus 
with  different  Pt  and  Ru  molar  ratios.  As  is  well  known,  Pt  and  Ru 


present  very  different  catalytic  abilities  toward  the  dissociative 
dehydrogenation  of  methanol,  especially  at  a  relatively  lower 
operation  temperature  [31  .  For  the  current  tests  operated  at  room 
temperature,  Pt  is  considered  as  the  major  species  responsible  for 
the  catalysis  of  MOR.  According  to  Dickinson  et  al.'s  work,  Ru  ex¬ 
hibits  obvious  catalytic  ability  toward  MOR  at  a  temperature  of  65  °C 
[32].  As  a  consequence,  as  shown  in  Fig.  4b,  the  peak  current  in  the 
forward  scan  monotonically  increased  (indicating  an  enhanced 
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catalytic  ability)  with  the  increasing  Pt  molar  ratio.  On  the  other 
hand,  the  existence  of  Ru  could  enhance  the  catalytic  performance 
toward  MOR  through  the  bifunctional  mechanism  and  electronic 
effect  [9  .  It  thus  explains  that,  a  relatively  slow  increase  of  the  peak 
current  in  the  forward  scan  was  observed  in  the  low  Ru  molar  ratio 
region,  as  shown  in  Fig.  4b.  For  the  current  work,  the  highest 
maximum  current  density  and  the  smallest  corresponding  potential 
were  simultaneously  achieved  at  a  Pt  molar  ratio  of  83.4%,  where  the 
[H2PtCl6]:[RuCl3]  in  the  electrolyte  was  1:1. 

The  maximum  Pt  mass  specific  catalytic  activity  at  a  Pt  molar 
ratio  of  83.4%  was  further  corroborated  by  the  electrochemical 
active  surface  area  (ECSA)  calculation.  Fig.  5a  shows  the  CV  curves 
of  Pt-Ru/VG  in  a  N2  saturated  0.5  M  H2S04  at  a  scan  rate  of 
50  mV  s-1.  The  Pt  ECSA  (unit:  cm2  mg-1)  was  calculated  based  on 
the  area  of  hydrogen  desorption  in  the  corresponding  CV  curve: 


ECSA  =  Qh/(0.21  x  [Pt]),  (1) 


where  Qh  (unit:  mC  cm-2)  is  the  charge  for  hydrogen  desorption, 
[Pt]  (unit:  mg  cm-2)  is  the  Pt  loading,  and  0.21  (unit:  mC  cm-2) 
represents  the  maximum  surface  charge  transferred  to  Pt  during 
adsorption  of  monolayer  of  H.  Fig.  5b  shows  the  dependence  of  Pt 
ECSA  on  Pt  molar  ratio.  The  highest  Pt  ECSA  was  obtained  with  a  Pt 
molar  ratio  of  83.4%,  consistent  with  the  aforementioned  obser¬ 
vation  shown  in  Fig.  4b. 

3.3.  CO  resistance  and  MOR  stability  of  Pt-Ru/VG 

Fig.  6a  presents  the  ratio  of  the  maximum  current  density  in  the 
forward  scan  to  that  in  the  backward  scan  (/f//b)  of  Pt-Ru/VG  ob¬ 
tained  from  the  electrodeposition  with  different  electrolyte  com¬ 
positions.  The  value  of  Jf/Jb  can  be  used  as  an  index  to  evaluate  the 
catalyst  tolerance  to  the  poisoning  species  [33,34].  The  Pt-Ru/VG 
catalyst  with  a  Pt  molar  ratio  of  83.4%  presented  the  highest  /f/Jb 
value  of  3.30  among  all  the  catalysts,  indicating  the  most  effective 
removal  of  poisoning  species  on  the  catalyst  surface.  Previous  work 
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Fig.  6.  (a)  /f//b  of  Pt-Ru/VG  catalysts  with  different  Pt  molar  ratios,  (b)  CO  stripping  voltammograms  in  0.5  M  H2S04  solution  at  a  scan  rate  of  50  mV  s  1  recorded  for  the  Pt-Ru/VG 
catalysts  obtained  from  three  typical  electrolyte  compositions. 


reveals  that  Pt3=C-OH  and  COads  are  the  major  metastable  and 
stable  intermediates  [3],  and  the  presence  of  Ru  can  lead  to  the 
formation  of  active  OHads  at  a  low  potential  to  react  with  the 
adsorbed  intermediates  on  neighboring  Pt  sites,  as  shown  by  the 


following  reactions  [35,36]: 

Ru  +  H2O^Ru— (OH)ads  +  H+  +e~  (Rl) 

Ru— (OH)ads  —  Ru— O  +  H+  +  e~  (R2) 

Ru— O  +  Pt3=C— OH^Ru  +  3Pt  +  C02  +  H+  +  e~  (R3) 

Ru— (OH)ads  +  Pt-(CO)ads  -►  Ru  +  Pt  +  C02  +  2H+  +  e“  (R4) 


However,  the  Jf/Jb  values  of  Ru  rich  catalysts  (e.g.,  Pt  molar  ratio 
of  44.3%)  were  relatively  low,  consistent  with  the  previously  re¬ 
ported  observation  [37]  and  probably  due  to  the  poor  catalytic 
activity  of  Ru  at  room  temperature. 

Efficient  removal  of  the  poisoning  species  such  as  CO  from  the 
catalyst  is  of  great  significant  for  evaluating  the  catalyst  performance 
in  DMFCs.  Oxidation  of  COads  was  thus  measured  by  CO  stripping 
voltammetry  in  0.5  M  H2S04  solution  at  a  scan  rate  of  50  mV  s^1.  To 
allow  the  complete  adsorption  of  CO  onto  catalysts,  CO  was  purged 
into  the  cell  for  30  min  with  maintaining  a  constant  voltage  of 
100  mV  vs.  SCE.  Then  N2  was  used  to  purge  out  the  excess  CO  dis¬ 
solved  in  the  electrolyte  for  30  min.  Fig.  6b  shows  the  voltammo¬ 
grams  of  COads  oxidation  on  the  Pt-Ru/VG  catalysts  obtained  from 
three  typical  electrolyte  compositions,  i.e.,  [ H2PtClg] : [ RuC13 ]  =  3:7, 
[H2PtCl6]:[RuCl3]  =  1:1,  and  [H2PtCl6]:[RuCl3]  =  7:3,  respectively. 
The  distinct  CO  oxidation  peak  appeared  during  the  first  forward 


scan  whereas  disappears  in  the  second  forward  scan,  manifesting 
that  the  adsorbed  CO  on  the  surface  of  Pt-Ru  nanoparticles  has  been 
oxidized  during  the  first  forward  scan  [38,39].  The  Pt-Ru/VG  with 
an  initial  [H2PtCle]  of  5  mM  exhibited  the  lowest  peak  potential 
(-0.41  V  vs.  SCE),  indicating  the  best  CO  tolerance. 

Stability  measurements  of  three  typical  Pt-Ru/VG  catalysts 
were  performed  by  CA  measurements  in  0.5  M  H2S04  +  1.0  M 
CH3OH  solution  on  catalysts  at  0.6  V  vs.  SCE  for  900  s.  As  shown  in 
Fig.  7,  the  current  presented  an  ultrafast  decay  at  the  initial  period 
and  then  reached  a  pseudo  steady  state.  The  high  initial  current  was 


Time  (s) 


Fig.  7.  Chronoamperometry  measurements  of  Pt-Ru/VG  catalysts  in  0.5  M 
H2S04  +  1.0  M  CH3OH  solution  at  0.6  V  vs.  SCE  for  900  s. 
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Fig.  8.  (a)  Tafel  curves  of  Pt/VG  and  Pt-Ru/VG.  (b)  CV  curves  of  Pt-Ru/VG,  Pt-Ru/CP,  and  Pt-Ru/Vulcan  in  a  N2  saturated  solution  of  0.5  M  H2S04  +  1  M  CH3OH  at  a  scan  rate  of 
50  mV  s'1. 


due  to  double  layer  charge  and  the  sufficient  active  sites  on  those 
catalysts  for  MOR.  The  following  quick  decay  of  current  is  mainly 
attributed  to  the  blocking  of  active  sites  by  the  poisoning  species 
and  intermediate  products.  The  Pt-Ru/VG  catalyst  obtained  with 
an  initial  [f^PtCle]  of  5  mM  exhibited  the  highest  initial/steady 
current  and  the  lowest  current  decay  rate,  demonstrating  the  best 
catalytic  stability  and  poisoning  tolerance. 

3.4.  Comparison  with  Pt/VG,  Pt-Ru/CP,  and  Pt-Ru/Vulcan 

Tafel  curves  (potential  vs.  log  i)  were  plotted  to  compare  the 
MOR  kinetics  of  Pt/VG  and  Pt-Ru/VG.  An  electrolyte  with  10  mM 
H2PtCl6  +  0.5  M  H2SO4  was  applied  for  the  electrodeposition  of  Pt 
on  VG.  The  Pt-Ru/VG  catalyst  was  obtained  with  an  initial  [T^PtCle] 
of  5  mM.  The  charge  transfer  coefficient  (a)  was  calculated  from  the 
slope  of  each  curve.  As  shown  in  Fig.  8a,  the  Tafel  plots  can  be 
divided  into  two  nearly  linear  regions  that  intersect  at  approxi¬ 
mately  0.45  V  for  both  catalysts,  indicating  a  change  in  the  rate¬ 
determining  steps.  In  the  region  below  0.45  V,  the  Tafel  slope  of 
Pt/VG  was  119  mV  dec-1  (a  =  0.50),  very  close  to  the  theoretical 
value  predicted  for  one-electron  transfer  reaction  as  rate  deter¬ 
mining  step  [40].  However,  for  Pt-Ru/VG,  the  Tafel  slope  in  the 
same  region  was  much  higher,  i.e.,  194  mV  dec-1  ( a  =  0.31),  indi¬ 
cating  a  faster  methanol  dehydrogenation  even  at  the  relatively  low 
overpotential  region  [41  .  The  exchange  current  density  of  Pt-Ru/ 
VG  (4.11  pA  cm-2),  calculated  based  on  the  Tafel  curves  [40  ,  was 
found  to  be  nearly  one  order  of  magnitude  higher  than  that  of  Pt/VG 
(0.64  pA  cm-2). 

The  electrochemical  performance  of  Pt-Ru/VG  was  further 
compared  with  those  of  Pt-Ru/CP  and  Pt-Ru/Vulcan.  The  elec¬ 
trodeposition  of  Pt-Ru  catalysts  on  all  the  supports  was  con¬ 
ducted  using  the  same  electrolyte  composition  of 
[H2PtCl6]:[RuCl3]  =  1:1.  Fig.  8b  shows  the  CV  curves  of  Pt-Ru/VG, 
Pt-Ru/CP,  and  Pt-Ru/Vulcan  in  a  N2  saturated  solution  of  0.5  M 
H2S04  +  1  M  CH3OH  at  a  scan  rate  of  50  mV  s-1.  It  was  observed 
that,  the  Pt-Ru/VG  catalyst  possessed  of  a  maximum  current 
density  of  339.2  mA  mg-1,  significantly  higher  than  those  of 
Pt-Ru/CP  and  Pt-Ru/Vulcan  (116.3  and  192.8  mA  mg-1,  respec¬ 
tively)  and  thus  presenting  a  much  enhanced  catalytic  activity 
toward  MOR.  Compared  with  the  previously  reported  data,  this 
value  is  higher  than  that  of  Pt-Ru/CP  prepared  with  the  one-step 
coelectrodeposition  method  (~40  mA  mg-1)  where  the  size  of 
Pt-Ru  nanoparticles  is  at  the  same  level  as  the  current  work  (few 
tens  of  nanometers)  [42].  Meanwhile,  the  maximum  current 
density  of  Pt-Ru/VG  is  also  higher  than  some  of  Pt-Ru/Vulcan  and 
Pt-Ru/CNTs  produced  with  microwave-polyol  and  ethylene  glycol 
reduction  methods  [38,43].  As  is  well  known,  the  repeated  pulse 


potentials  approach  owns  the  advantageous  in  achieving  nano¬ 
particles  with  a  good  control  and  selectivity  in  the  nanoparticle 
size  and  dispersion  [44],  while  the  size  of  nanoparticles  is  usually 
much  larger  than  those  produced  by  magnetron  dc  sputtering  and 
solution-reduction  [17,20  .  Based  on  the  total  mass  of  Pt  and  Ru, 
the  maximum  current  density  of  Pt-Ru/VG  in  the  current  work 
was  calculated  as  302.3  mA  mg-1,  higher  than  those  reported  in 
Refs.  [38]  and  [43]  (both  of  which  are  less  than  200  mA  mg-1), 
although  with  a  much  larger  size  of  nanoparticles.  However,  the 
currently  presented  activities  of  Pt-Ru/VG  are  still  poorer  than 
some  practices  employing  catalysts  with  much  smaller  size 
[45,46].  Further  improvement  on  the  catalytic  performance  of 
Pt-Ru/VG  appears  likely  through  the  preparation  of  smaller 
catalyst  nanoparticles  via  chemical  routes.  Previous  work  has 
proved  that  Pt  nanoparticles  with  a  mean  size  of  few  nanometers 
can  be  decorated  on  VG  surface  via  a  solution-reduction  method 
[47].  Furthermore,  the  Pt-Ru/VG  presented  the  smallest  potential 
for  peak  current  density  (0.596,  0.676  and  0.659  V  for  Pt-Ru/VG, 
Pt-Ru/CP,  and  Pt-Ru/Vulcan,  respectively)  and  the  highest  /f/Jb 
value  (3.30,  1.94  and  2.22  for  Pt-Ru/VG,  Pt-Ru/CP,  and  Pt-Ru/ 
Vulcan,  respectively). 

4.  Conclusions 

Taking  the  advantages  of  non-stacking  morphology  and  exposed 
graphene  edge  planes,  VG-coated  CP  could  work  as  a  better  support 
than  pristine  CP,  exhibiting  higher  catalyst  loading,  smaller  catalyst 
size,  and  improved  nanoparticle  dispersion.  With  adjusting  the 
electrolyte  composition  (i.e.,  H2PtCl6  and  RuC13  concentrations),  the 
molar  ratios  of  Pt  and  Ru  in  the  deposits  were  well  controlled.  For 
Pt-Ru/VG,  the  bulk  catalytic  ability  increased  with  an  increasing  Pt 
molar  ratio  in  the  deposits,  while  the  best  mass  specific  activity,  CO 
tolerance,  and  catalytic  stability  were  synthetically  achieved  at  a  Pt 
molar  ratio  of  83.4%  in  the  deposits  ([H2PtCle]:[RuCl3]  =  1:1  in  the 
electrolyte).  The  Tafel  analysis  indicated  that  Pt-Ru/VG  realized  a 
faster  methanol  dehydrogenation  than  Pt/VG.  Meanwhile,  Pt-Ru/ 
VG  presented  a  maximum  current  density  of  339.2  mA  mg-1,  not 
only  significantly  higher  than  the  Pt-Ru/CP  and  Pt-Ru/Vulcan 
counterparts  obtained  with  the  same  repeated  pulse  potentials 
method,  but  also  higher  than  some  of  the  previously  reported 
Pt-Ru/Vulcan  and  Pt-Ru/CNTs  catalysts  with  smaller  nanoparticle 
size.  The  above  observation  implies  that  Pt-Ru/VG  with  an  opti¬ 
mized  Pt  and  Ru  molar  ratio  could  be  a  very  promising  anode 
catalyst  for  high-performance  MOR.  Future  improvement  on  the 
morphology  and  structure  of  VG  support  as  well  as  more  compre¬ 
hensive  measurements  (such  as  single  cell  test)  on  the  catalytic 
performance  will  be  considered  in  our  future  work. 
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